Cells must move through tissues in many important biological processes, including embryonic development, cancer metastasis, and wound healing. In these tissues, a cell's motion is often strongly constrained by its neighbors, leading to glassy dynamics. Recent work has demonstrated the existence of a non-equilibrium glass transition in self-propelled particle models for active matter, where the transition is driven by changes in density [1] . However, this may not explain liquid-to-solid transitions in confluent tissues, where there are no gaps between cells and the packing fraction remains fixed and equal to unity. Here we demonstrate the existence of a different type of glass transition that occurs in the well-studied vertex model for confluent tissue monolayers. In this model, the onset of rigidity is governed by changes to single-cell properties such as cell-cell adhesion, cortical tension, and volume compressibility, providing an explanation for a liquid-to-solid transitions in confluent tissues. 87.18.Ed, 87.18.Fx, 83.80.Ab Important biological processes such as embryogensis, tumorigenesis, and wound healing, require cells to move collectively within a tissue. Recent experiments suggest that when cells are packed ever more densely, they start to exhibit collective motion [2] [3] [4] traditionally seen in non-living amorphous systems, such as colloids, granular matter or foams [5] [6] [7] . These collective behaviors exhibit growing timescales and lengthscales associated with rigidity transitions.
Important biological processes such as embryogensis, tumorigenesis, and wound healing, require cells to move collectively within a tissue. Recent experiments suggest that when cells are packed ever more densely, they start to exhibit collective motion [2] [3] [4] traditionally seen in non-living amorphous systems, such as colloids, granular matter or foams [5] [6] [7] . These collective behaviors exhibit growing timescales and lengthscales associated with rigidity transitions.
Many of these effects are also seen in simple Self-Propelled Particle (SPP) models [8] . In SPP models, overdamped particles experience an active force that causes them to move at a constant speed, and particles change direction due to interactions with their neighbors or an external bath. When SPP models are used to simulate cells, the particles are often modeled as hard or soft disks, sometimes with short-range attraction [9, 10] . These models generically exhibit a glass transition at a packing density of particles φ < 1 [1, 2, 9, 11] , and near the transition point they exhibit collective motion [9] that is very similar to that seen in experiments [12] .
An important open question is whether the density-driven glass transition in SPP models explains the glassy behavior observed in non-proliferating confluent biological tissues, where there are no gaps between cells and the packing fraction φ is fixed at precisely unity. For example, zebrafish embryonic explants are confluent three-dimensional tissues where the cells divide slowly and therefore the number of cells per unit volume remains nearly constant. Nevertheless, these tissues exhibit hallmarks of glassy dynamics such as caging behavior and viscoelasticity. Furthermore, ectoderm tissues have longer relaxation timescales than mesendoderm tissues, suggesting ectoderm tissues are closer to a glass transition, despite the fact that both tissue types have the same density [2] . This indicates that there may be an additional mechanism for glass transitions in confluent tissues.
In a confluent tissue monolayer where mitosis (cell division) or apoptosis (cell death) are rare, cell neighbor exchange must happen through processes called cell intercalation [13, 14] or T1 transitions [15] , as illustrated in Fig. 1 (a) .
In [16] we used the well-studied vertex model, which represents a confluent tissue as a network of three-fold coordinated vertices connected by edges [17] [18] [19] [20] [21] [22] [23] [24] [25] , to calculate the energy barriers to T1 rearrangements at a fixed set of parameter values.
In this Letter, we calculate energy barriers across a large parameter range of the vertex model, to determine how the tissue response varies with single-cell properties such as adhesion, cortical tension and volume compressibility. Interestingly, we find that there is a glass transition that is not controlled by the density, but instead by two coarse-grained variables that describe these single-cell mechanical properties. This provides a novel explanation for liquid-to-solid transitions in tissues that remain at constant density.
The vertex model, which agrees remarkably well with experimental data for confluent monolayers in developing embryos [21] [22] [23] [24] , approximates the monolayer as a collection of adjacent columnar cells. The mechanical energy of a single cell labeled 'i' is given by [18, 20] :
The first term results from a combination of 3D cell incompressibility and the monolayer's resistance to height fluctuations [19] . Then β i is a height elasticity, and A i and A i0 are the actual and preferred cell cross-sectional areas. The second term in Eq.
(1) models the constant contraction of the actin-myosin subcellular cortex, with elastic constant ξ i [18] , and the last term represents a interfacial tension γ i set by a competition between the cortical tension and the energy of cell-cell adhesion [22, 26] between two contacting cells. γ i can be positive if the cortical tension is greater than the adhesive energy, or negative if the adhesion dominates. It is also possible to incorporate strong feedbacks between adhesion and cortical tension in this term [22, 27] . Because only the effective forces -the derivatives of the energy with respect to the degrees of freedom -are physically relevant, Eq. (1) can be rewritten: As discussed in [20] , when all single cell properties are equal (i.e. β i = β, ξ i = ξ, A i0 = A 0 , P i0 = P 0 ), the total mechanical energy of a tissue containing N cells can be nondimensionalized:
where a i = A i /A 0 and p i = P i / √ A 0 are the rescaled shape functions for area and perimeter. r = βA 2 0 /ξ is the inverse perimeter modulus and p 0 = P 0 / √ A 0 is the preferred perimeter We first study T1 topological swaps in an aggregate of only four cells, where numerical and analytical calculations of the energy barrier are particularly simple. To mimic the effect of confluency (φ = 1) in a larger tissue, we constrain each cell to have a fixed area of unity. Eq. (2) for a four cell aggregate becomes:
We begin with four identical regular hexagons of unit area, where all the cell edges are of equal length 0 = √ 23 1/4 /3 ≈ 0.62. Eq. (3) is numerically calculated while the central thick edge in Fig. 1(a) is quasistatically contracted to zero length ( = 0) at which point a T1 topological swap is executed. After the T1 transition, the length of the central edge is then expanded until it reaches the initial length ( = 0 ). The total energy of four cells during this process is shown in Fig. 1(b) ; the edge length is represented by a negative value during contraction and flips sign after the T1 transition. The energy barrier ∆ε for the T1 transition is the energy difference between the state with = 0 and the initial state where = − 0 .
As p 0 increases, ∆ε decreases as shown in Fig. 1(c) . The precise value p * 0 at which energy barriers vanish can be estimated by calculating the energy cost of shrinking an edge of length = 0 inside a hexagonal lattice, while all other edges remain unchanged. Because the T1 transition occurs precisely when all four cells are pentagons, it is not surprising that Fig. 1(c) .
To simulate a larger tissue containing many cells, a Random Sequential Addition point pattern [29] of N points was generated under periodic boundary conditions, with box size L chosen such that the average area per cell is unity. A voronoi tessellation of this initial point pattern results in a disordered cellular structure, which was then used as an input to the program Surface Evolver [30] . Surface Evolver numerically minimizes the total energy of the system (Eq. (2)) at fixed topology using gradient descent with respect to the vertices of the cells. If an edge shrinks below a threshold value l * , a passive T1 transition is allowed if it lowers the energy. All structures are minimized such that the average energy of a cell changes by less than one part in 10 10 between consecutive minimization steps, and as in other simulations of the vertex model [19, 20] , all vertices are required to be three-fold coordinated. To explore energy barriers in large tissues, we test all possible T1 transition paths in 10 randomly generated samples each consisting of N = 64 cells. These tests are repeated for various values of r at decade increments from 0.005 to 200 and p 0 ranging from 3 to 4.
We first obtain the distribution of energy barrier heights ρ(∆ε) as function of p 0 and r. The shape of the distribution is universal as shown in Fig. 2 (a) , and well-described by a k − gamma distribution (k k /(k − 1)! x k−1 exp(−kx)) with x = ∆ε/∆ε and k = 2.2 ± 0.2. The k − gamma distribution has been observed in many non-biological systems such as foams, emulsions and granular materials [31] [32] [33] , and generically results from maximizing the entropy subject to constraints [32, 33] . The distribution of energy barriers depends on the single-cell properties p 0 and r only through its average ∆ε, and therefore ∆ε is the focus of the remainder of this Letter.
r "/|p A defining characteristic of a solid is that it possess a yield stress, meaning it requires a finite amount of energy to deform. Therefore we postulate that energy barriers to rearrangements in the vertex model play an analogous role to the shear stress in traditional particulate systems. The inverse perimeter modulus r controls the scale of ∆ε and the size of fluctuations in the perimeter. We therefore expect that r might play a role analogous to the strain rate, which controls the scale of density fluctuations in sheared particulate matter. Fig. 2(b) is a plot of ∆ε(r, p 0 ), the average mechanical energy cost of local T1 rearrangements, as function of p 0 at various values of r. Similarly to the four cell case, ∆ε decreases as p 0 increases. At p * 0 ∼ 3.813 the energy barrier vanishes, indicating that for p 0 larger than this value, deformation costs no energy and the vertex model becomes liquid-like. Fig. 2(b) is reminiscent of plots for the shear stress vs. the strain rate in simulations and experiments on particulate matter near the jamming transition [5, 34] . In these materials, where thermal fluctuations are small compared to the size of the particles, the system loses mechanical rigidity as the packing fraction is decreased below a critical value. However, density can not control the rigidity transition in the vertex model because everything takes place at confluence. Instead, this model displays a novel rigidity transition controlled by the preferred cell perimeter, p 0 .
If the mechanical behavior of the tissue is truly controlled by a critical point, then near the critical point the response ∆ε should be related to the variable that controls the fluctuations r by a simple scaling ansatz:
Here z = r/|p 0 − p * 0 | ∆ is the crossover scaling variable, ∆ is the crossover scaling critical exponent, and f − , f + are the two branches of the crossover scaling functions for p 0 < p * 0 and p 0 > p * 0 , respectively [34] . After re-plotting the data in Fig. 2(b) using the scaling ansatz of Eq. (4), we find an excellent scaling collapse with ∆ = 4.0 ± 0.4, β = 1.0 ± 0.2 and p * 0 = 3.813 ± 0.005 as shown in Fig. 3 . This is nearly identical to the scaling collapse seen in jamming of hard spheres [5] and rigidity percolation on random networks [35, 36] , suggesting that p * 0 is a critical point similar to Point J in the jamming transition and the critical occupation probability p * in random network models. At p 0 < p * 0 , as z → 0, f − is finite, which implies that the energy barrier ∆ε scales as (p * 0 − p 0 ) β /r. At p 0 = p * 0 , the two branches of the scaling function merge onto a common curve as z → ∞, which has the power law scaling z β/∆ .
While there are many formalisms that predict dynamical behavior based on the structure of a potential energy landscape, some of the simplest belong to a class of mean-field trap models [37, 38] . In [16] , we analyzed an extended trap model at a specific value of the model parameters (p 0 = 3.72 and r = 1), under the assumption that active cell shape fluctuations and protrusions could be modeled as an effective temperature, T e f f . Because the energy barrier distribution ρ(∆ε) has an exponential tail, we were able to demonstrate that the dynamics become glassy at an effective temperature T e f f = T g . Combining our numerical results in Fig. 2 with the modified trap model [16] , we derive a new phase diagram for active confluent matter, shown in Fig. 4 . Given a characteristic energy scale T e f f for cell activity, the rate R at which cells overcome energy barriers is Arhenius: R(t) = ω 0 exp(−∆ε/T e f f ) with ω 0 a characteristic attempt frequency. Using this equation and the form of ρ(∆ε) obtained from simulations, one can calculate the trapping time τ, which is the characteristic time for a cell to be caged. As T e f f → T g ≡ 2∆ε, τ increases rapidly (Fig. 4 (b) ). The shape of this curve, with τ ∼ 1/(T e f f − T g ), suggests that tissues are fragile glasses [39] .
Rigidity Transition
At a fixed value of r there is a boundary separating a glassy/jammed phase and a fluid phase in the T e f f − p 0 plane (Fig. 4) (a) . This means that for T e f f < T g , there are not sufficient active cell shape fluctuations to overcome most of the energy barriers in the potential energy landscape. As p 0 increases, the glass transition point T g decreases. For p 0 > p * 0 , our model predicts the glass transition occurs at T e f f = 0. This reflects the fact that the energies barriers to T1 transitions have disappeared, and the cells can execute T1 rearrangements at zero energy cost.
Discussion In a disordered two-dimensional vertex model for confluent tissues, we have measured the energy barriers to local T1 rearrangements as function of various single-cell properties. We use these energy barrier statistics and a simple trap model for cell dynamics make predictions about the macroscopic rheology of the tissue. Unlike SPP models where the liquid-to-solid transition is governed by density, our model has a constant-density glass transition governed by single-cell mechanical properties such as cell-cell adhesion and cortical tension (p 0 ) and resistance to height fluctuations (r). Recent work by Chiou et al [24] provides a framework for extracting vertex model parameters from experimental images. That method could be combined with the theoretical work presented here to test predictions for liquid-to-solid transitions in specific tissues.
The simple trap model used here predicts that the location of the glass transition T g = 2∆ε(r, p 0 ) is independent of the cell activity T e f f . In contrast, recent studies of SPP models suggest that the critical density φ c for the nonequilibrium density-driven glass transition does depend on the cell activity [1] . It would be interesting to simulate dynamics in the vertex model [40] and see if the p 0 -dependent transition in our model is also modified by cell activity. Conversely, one could construct an augmented version of the SPP model that takes into account higher-order interactions between particles due to their shapes, to see if such a model could also exhibit a density-independent transition.
Here we have restricted ourselves to studying energy barriers along paths in configuration space that correspond to localized T1 transitions. One reason for doing so is the observation that intercalation in real tissues often occurs via localized T1 moves [14, 25, 41, 42] . Furthermore, for p 0 << p * 0 we have confirmed that T1 paths have lower energy barriers than collective normal modes or random paths through configuration space. However, it is impossible to check all possible paths in our 2N dimensional configuration space, and so T1 transition energy barriers provide only an upper bound on the lowest energy barrier to cell rearrangements. This observation becomes especially interesting as p 0 approaches the zero-temperature rigidity transition p * 0 . In particulate systems, it has been shown that as the system approaches the zerotemperature jamming transition, the lowest energy excitations are collective with a diverging lengthscale [7] . It would be interesting to study low-frequency normal modes in the vertex model to see if they also exhibit growing length scales and lower energy barriers compared to localized T1 transitions as the system approaches p * 0 . A related issue is the question of ordered vs. disordered states. In this Letter, we focus explicitly on disordered metastable states, but the ground states exhibit an ordered-todisordered rigidity transition at p hex 0 ∼ 3.722 [20] , instead of p * 0 ≈ p pent 0 . Perhaps there are both "crystalline" and nonequilibrium "disordered" branches of the equation of state, with different transition points, just as in particulate matter [43] . Alternatively, the ordered transition point p hex 0 was derived using linear stability arguments, and we also find that the linear response for a T1 transition (e.g. the quadratic curvature of ε( ) in Fig. 1 (a) ) vanishes at p hex 0 , although higher order terms still generate an energy barrier until p pent 0 . A detailed study of eigenvalues and eigenmodes will also shed light on this issue.
Although all published vertex models assume three-fold coordinated vertices, there is no proof that such structures are stable for p 0 > p hex 0 [20] . Additionally, higher order vertices are apparently stabilized in some biological tissues, including Rosette formation in Drosophila [44] . It will be interesting to study under what conditions such higher order vertices can be stabilized.
The scaling collapse shown in Fig. 3 is likely interesting to biologists for at least two reasons. Based on observations of jamming in adhesive particulate matter at densities far below confluency, Sadati and coworkers [45] have proposed a jamming phase diagram where tissues become more solid-like as the adhesion increases. Using standard interpretations of the vertex model (Eqs. (1) and (2)), p 0 increases with increasing adhesion, and therefore our model predicts that confluent tissues become more liquid-like as adhesion increases. This highlights the fact that adhesion acts differently in particulate and confluent materials; in particulate matter higher adhesion leads to gelation and solidification, while in the vertex model larger adhesion leads to larger perimeters, more degrees of freedom, and liquid-like behavior. These ideas suggest that the role of adhesion in tissue rheology may be much richer and more interesting than previously thought.
This work may also have relevance in modeling the Epithelial-to-Mesenchymal Transition (EMT) that occurs during cancer tumorigenesis. Hallmarks of this process include epithelial cells with well-defined, compact shapes and small perimeters relative to their areas transitioning to mesenchymal cells with irregular shapes and large perimeters relative to their areas [46] . Since Eq. (2) specifies a fixed perimeterto-area ratio, one could interpret EMT as an increase in p 0 leading to a solid-to-liquid transition, providing a simple mechanical explanation for the role EMT plays in metastasis.
Finally, we expect that this model may be of interest to scientists independent of its biological relevance. We have shown it exhibits a simple rigidity transition with a novel control parameter, and therefore it might provide a useful bridge between jamming transitions in particulate matter and rigidity transitions in random elastic networks. An open question is whether our model belongs to an existing universality class, and whether the transition is mean-field. Furthermore, the disordered ground states for p 0 > p * 0 are predicted to be hyperuniform [47] , suggesting they may have a photonic band gap [48] .
